Chemotherapeutic DNA-damaging agents such as doxorubicin are commonly used in the treatment of a wide range of cancers, including hematological malignancies. The primary mecha-nism of action of these agents is to induce apoptosis ([@B1], [@B2]). Apoptosis is a programmed cell death process which destroys cells that are damaged irreparably by internal (e.g. DNA damage) or external (e.g. an extracellular death ligand) stimuli. The regulation of apoptosis is crucial for controlling development and tissue homeostasis, defending against pathogens and preventing tumor formation and proliferation. Several gene products have been identified to be critical in the regulation of apoptosis including p53 and Bcl-2 family proteins ([@B3]-[@B5]). The p53 tumor suppressor protein is an essential component of the DNA damage response pathway in the normal cells. Under normal conditions, p53 protein is maintained at low levels in the cell via proteasome-mediated degradation. Under different stress conditions such as DNA damage, p53 is stabilized and accumulates in the nucleus where it transactivates genes mediating cell cycle arrest, senescence, apoptosis and DNA repair. Cell type, and the nature and context of DNA damage influence the outcome of p53 activation ([@B6], [@B7]). Bcl-2 family proteins are key regulators of apoptosis. On the basis of functional features, this family is divided into two subfamilies: anti-apoptotic (e.g. Bcl-2, Bcl-XL) and pro- apoptotic (e.g. Bax, Bak, Bok, Bad) proteins. The Bcl-2-associated death promoter (BAD) is a pro-apoptotic member of this family which is involved in promotion of apoptosis (in dephosphorylated form) through binding and inhibition of Bcl-2 and Bcl-XL anti-apoptotic proteins. Phosphorylated BAD (Ser 75, 99 and 118) interacts with 14-3-3 proteins instead of Bcl-2 or Bcl-XL, resulting in inactivation of BAD and inhibition of apoptosis ([@B4], [@B8], [@B9]). Since expression and phosphorylation of p53 and BAD are key processes in apoptosis regulation, it is of great importance to dissect the mechanisms and factors that could influence these processes. Cyclic adenosine monophosphate (cAMP) is an important second messenger that its generation is induced by stimulation of G protein-coupled receptors and activation of adenylyl cyclase. The cAMP signaling pathway regulates a multitude of cellular functions, including proliferation, differentiation and apoptosis ([@B10], [@B11]). Depending on the cell type and nature of death- inducing signal, diverging effects of cAMP on cell survival have been demonstrated ([@B12]-[@B15]). In many biological systems, the induction of apoptosis requires elevated cAMP. Exposure to cAMP induces apoptosis in ovarian granulosa cells and B-cell chronic lymphocytic leukemia cells ([@B16], [@B17]). However, elevated cAMP also inhibits apoptosis in a variety of other systems, such as promonocytic leukemia cells exposed to chemotherapeutic drugs ([@B18]) and macrophages exposed to nitric oxide ([@B19]). These data indicate cell-type specificity underlying cAMP signaling.

In this study, the effect of cAMP- elevating agents on expression of p53 and BAD proteins as well as phoshorylated BAD protein was investigated in doxorubicin-treated pre-B ALL NALM-6 cell line. We demonstrated that an elevated cAMP level inhibits doxorubicin-induced apoptosis in NALM-6 cells through phospho-rylation of BAD protein and down- regulation of p53.

Materials and methods
=====================

***Cell culture and drug treatment***

Pre- B ALL cell line NALM-6 was cultured in suspension in RPMI 1640 medium supplemented with 2 mM L- glutamine, 10% fetal bovine serum (FBS), 100 units/ ml penicillin, and 100 μg/ ml streptomycin in a humidified atmosphere of 5% CO2 at 37 °C. For drug treatment, cells were seeded into a 6- well culture plate at a density of 5×10^5^ cells/ well and treated with cAMP-increasing agents (50 μM forskolin and 100 μM 3-isobutyl-1-methylxanthine (IBMX)). After 30 min, the pretreated cells were incubated with doxorubicin (250 nM and 500 nM) for 24 h.

***Cell viability measurement by trypan blue exclusion and MTT assays***

To investigate the effect of doxorubicin in the presence or absence of cAMP- increasing agents (forskolin and IBMX) on cell viability, NALM-6 cells were subjected to trypan blue exclusion assay and MTT colorimetric method. For trypan blue staining, 24 h after treatment the cell suspension was mixed with 0.4% trypan blue solution at a 1:1 ratio. After 1-2 min incubation at room temperature, the mixture was loaded onto one chamber of Neubauer hemocytometer and squares of the chamber were observed under a light microscope. The viable/ live (clear) and non-viable/ dead (blue) cells were counted and the viability was calculated using the formula (number of live cells counted/ total number of cells counted)×100. For MTT assay, NALM-6 cells were seeded into a 96- well culture plate (5000 cells/ well) and treated with doxorubicin and cAMP-elevating agents. 24 h after treatment, the medium was removed and cells were incubated with MTT solution (5 mg/ ml in PBS) for 4 h at 37 °C. The resulting formazan cristals were solubilized by addition of 100 μl dimethylsulfoxide (DMSO) at each well, and the absorbance was measured at 570 nm by ELISA reader.

**Phosphatidylserine (PS) externalization (annexin -V assay)**

The effect of cAMP- increasing agents on doxorubicin- induced cell death was assayed by apoptosis analysis. In brief, 24 h after treatment NALM-6 cells were collected and washed with PBS, and 10^6^ cells per sample were resuspended in 100 μl incubation buffer. After addition of annexin V-FITC reagent (2 μl per sample), the cell suspension was incubated for 10 min in the dark at room temperature, and fluorescence was measured using Becton--Dickinson FACS. AnnexinV- positive cells were considered to be in apoptotic phase.

***Caspase- 3 activity assay***

To evaluate caspase -3 activity, cell lysates were prepared after their respective treatment with doxorubicin in combination with or without forskolin and IBMX. Briefly, the cells were treated with the indicated agents, and the cell lysates were prepared. The reaction mixture (total volume, 100 µl) contained 20 µg of cell lysate and 10 µl of the caspase -3 substrate acetyl-Asp-Glu-Val-Asp-p-nitroanilide (Ac-DEVD-pNA) was incubated in a 96- well plate at 37 °C for 2 h. The absorbances of samples were then read at 405 nm in an ELISA reader.

***Western blot analysis***

Four hour After treatment, the cells were collected and lysed (5 × 10^6^ cells/ aliquots) in RIPA buffer (10 mM Tris--HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.1% sodium dodecyl sulfate, and 0.5% sodium deoxycholate) containing protease and phosphatase inhibitor cocktails (Sigma ). The cell lysate was centrifuged at 13000 g for 20 min at 4 °C and the supernatant was collected. Total protein of the supernatant was quantified using the Bradford protein assay and equal amounts of total cellular protein were run on a 10% SDS--PAGE. The resolved proteins were then transferred from the gel to a nitrocellulose membrane (Hybond-ECL, Amersham Corp).  Afterward, the membrane was incubated in blocking buffer (1xTris buffered saline \[TBS\], 0.1% Tween- 20 with 5% nonfat dry milk) for 1 h, and probed overnight at 4 °C with specific primary antibodies (Cell Signaling Technology, UK) against p53 (2527), Bad (9239), phospho-Bad (Ser118) (9297), phospho-Bad (Ser99) (5286), phospho-Bad (Ser75) (5284). After washing five times in 1xTBS containing 0.1% Tween-20 (TBST), the membrane was incubated for 1 hat room temperature with horse radish peroxidase (HRP)-conjugated secondary antibody (anti rabbit antibody) (7074P2). The immunoreactive proteins were then visualized with a chemiluminescence detection system (Amersham ECL Advance Kit, GE Healthcare ) according to the manufacturer's protocol.

***Statistical analysis***

Statistical analysis was done using SPSS 12. Twotailed Student's t test was used to determine if there is a significant difference between experimental variables. A P- value \<0.05 was considered as statistically significant.

Results
=======

**Elevated level of cAMP diminished the doxorubicin- induced apoptosis in NALM-6 cells**

Cytotoxicity of doxorubicin in the presence or absence of cAMP-increasing agents (forskolin and IBMX) was determined by trypan blue exclusion and MTT assay. Forskolin activates adenylyl cyclase, and IBMX is an inhibitor of the phosphodiesterase which converts cAMP to AMP, resulting in elevated cAMP levels within the cell ([@B20]). Viability of NALM-6 cells after exposure to doxorubicin was reduced in a dose dependent manner with 50% reduction in viability at 500 nM concentration of the drug. As shown in [Fig. 1](#F1){ref-type="fig"} (trypan blue exclusion assay) and [Fig. 2](#F2){ref-type="fig"} (MTT assay), cAMP-increasing agents attenuated the doxorubicin-mediated cytotoxicity in NALM-6 cells. To investigate the effect of elevated level of cAMP on doxorubicin-induced apoptosis, NALM-6 cells were assayed for annexin V staining and caspase-3 protease activity. As shown in [Fig. 3](#F3){ref-type="fig"}, pretreatment of cells with cAMP-increasing agents was associated with considerable lower percentages of annexin-V positive cells (apoptotic cells) in comparison to the cells treated with doxorubicin only. Moreover, cotreatment of cells with doxorubicin and cAMP-increasing agents resulted in significant attenuation of the doxorubicin-induced caspase-3 activation ([Fig. 4](#F4){ref-type="fig"}). These findings indicate the inhibitory effect of cAMP levels on doxorubicin- induced apoptosis in NALM- 6 cells.

**Elevated levels of cAMP diminished doxorubicin -induced accumulation of p53 protein in NALM-6 cells**

NALM-6 cells accumulate p53 protein after DNA damage induced by doxorubicin. To evaluate whether doxorubicin-induced accumulation of p53 is affected by cAMP signaling pathway, protein expression of p53 was assessed after exposure of NALM-6 cells with doxorubicin in the presence or absence of forskolin / IBMX. As shown in [Fig. 5](#F5){ref-type="fig"}, elevated levels of cAMP reduced p53 accumulation.

![Doxorubicin-induced cell death was attenuated by cAMP increasing agents. NALM-6 cells were treated with forskolin and IBMX (FI). After 30 min, the pretreated cells were incubated with doxorubicin (250 nM and 500 nM) for 24 h and then cell viability was assessed using trypan blue exclusion assay. Elevated cAMP significantly decreased cell death (\* P\< 0.05).](ijmcm-4-094-g001){#F1}

![cAMP-increasing agents attenuated the cytotoxic effects of doxorubicin in NALM-6 cells. NALM-6 cells were pretreated with forskolin and IBMX (FI) 30 min prior to the addition of doxorubicin and cell viability was assessed using MTT assay 24 h after treatment. (mean± SEM, n = 3). Elevated cAMP significantly decreased cell death (\* P \<0.05; relative to cells treated with doxorubicin only](ijmcm-4-094-g002){#F2}

![Doxorubicin-induced apoptosis was diminished by cAMP increasing agents. NALM-6 cells were treated with forskolin and IBMX (FI). After 30 min, the pretreated cells were incubated with doxorubicin (250 nM and 500 nM) for 24 h. The cells were then analyzed for annexin-V uptake by FACS](ijmcm-4-094-g003){#F3}

![Doxorubicin-induced caspase activation was diminished by cAMP-increasing agents. NALM-6 cells were treated with forskolin and IBMX (FI). After 30 min, the cells were incubated with doxorubicin (250 nM) for 8 and 24 h. The cells were then assayed for caspase-3 protease activity (\* P\<0.05](ijmcm-4-094-g004){#F4}

![Effect of cAMP levels on total p53 protein expression upon DNA damage. NALM-6 cells were treated with forskolin and IBMX (FI). After 30 min, the pretreated cells were incubated with doxorubicin for 4 h and then protein expression was assessed using western blot analysis. Elevated cAMP decreased p53 expression induced by doxorubicin in NALM-6 cells](ijmcm-4-094-g005){#F5}

![Effect of cAMP levels on BAD expression and phosphorylation. NALM-6 cells were treated with forskolin and IBMX. After 30 min, the pretreated cells were incubated with doxorubicin for 4 h and then protein expression was assessed using western blot analysis. Elevated cAMP increased BAD phosphorylation at ser 99 and ser 118, but no ser 75. There was no difference in expression of total BAD proteins](ijmcm-4-094-g006){#F6}

**cAMP increasing agents increased phosphor-ylation state of BAD at serines 99 and 118 in doxorubicin-treated NALM- 6 cells**

To investigate the effect of cAMP increasing agents on phosphorylation of BAD after doxorubicin- induced DNA damage, three serine residues (Ser75, 99 and 118) were evaluated after treatment of NALM-6 cells with doxorubicin in the presence or absence of cAMP-increasing agents. Significantly, increased phosphorylation of BAD on 99 and 118 serine sites were seen in the cells pretreated with forskolin/IBMX (see [fig. 6](#F6){ref-type="fig"}). Expression of total BAD proteins and phosphorylation of BAD on Ser75 were not affected by doxorubicin and cAMP- elevating agents.

Discussion
==========

In this study, we showed the inhibitory effect of cAMP on DNA damage-induced apoptosis in pre B ALL cell line NALM-6. In addition, we found that cAMP exerts this inhibitory effect through abrogation of p53 accumulation as well as induction of BAD phosphorylation.

The capacity of cAMP- increasing agents to regulate apoptosis has been examined in different cell types, in many cases with conflicting results. While a number of studies have reported the inhibitory effect of cAMP on apoptosis in different cell types ([@B12], [@B18], [@B19], [@B21]), other studies indicated that cAMP signaling pathway causes apoptosis or potentiates its induction by other agents ([@B13], [@B22], [@B23]). Depending on the cell type and nature of death-inducing signal, diverging effects of cAMP on cell survival have been demonstrated. In this study, we showed the inhibitory effect of cAMP on doxorubicin-induced apoptosis in pre B ALL cell line NALM-6 ([Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). This finding is consistent with previous studies that cAMP decreased chemotherapeutics- induced apoptosis in cancer cells ([@B18], [@B24]).

Regarding the inhibitory effect of cAMP against chemotherapeutic drugs- induced apoptosis, identification of the molecular mecha sm(s) underlying cAMP- mediated modulation of apoptosis is of particular importance.

P53 is a tumor suppressor known as major factor in DNA damage-induced apoptosis and loss of p53 that commonly occurs in tumors is thought to be a way to escape from apoptosis. Abrogation of p53 pathway can be caused by genetic mutation (mutated *P53*) or indirect mechanisms that suppress wild-type p53 ([@B6], [@B7]). Because the majority of hematologic malignancies express the wild-type p53 ([@B25], [@B26]), it is of great importance to identify the indirect mechanisms to improve killing of these tumor cells by DNA-damaging therapeutic agents. Previous studies have been demonstrated that cAMP attenuates p53 protein levels through inhibition of posttranslational modifications ([@B24], [@B27]). Consistent with previous studies, our finding showed that increased levels of cAMP abrogate total p53 accumulation after exposure of NALM-6 cells to doxorubicin ([Fig. 5](#F5){ref-type="fig"}). This finding can introduce the aberrant activation of cAMP signaling pathway as an indirect mechanism that is involved in wild-type p53 suppression.

Nuclear factor-κB (NF-κB) consists of a family of transcription factors that play critical roles in inflammation, cell proliferation, differentiation, and survival. In response to various stimuli, such as DNA damage, NF-κB is activated, binds to DNA and regulates the expression of a variety of genes, including antiapoptotic genes ([@B28]). The constitutive and deregulated activation of NF-κB found in many solid tumors as well as hematological malignancies is believed to promote cell survival and confer treatment resistance ([@B29]-[@B31]). Previous studies have shown that cAMP potentiates the DNA damage-induced NF-κB activation ([@B32], [@B33]). Based on these reports, cAMP attenuates the DNA damage-induced apoptosis through NF-κB activation.

Interestingly, we found a new mechanism for cAMP-mediated inhibition of doxorubicin-induced apoptosis that involves BAD protein. BAD is a pro-apoptotic member of Bcl-2 family which is regulated by posttranslational modifications. BAD binds to the anti-apoptotic proteins Bcl-2 and Bcl-XL and neutralizes the anti-apoptotic effects of these proteins. Phosphorylation of BAD induces its dissociation from Bcl-2/ Bcl-XL, resulting in liberation of these anti-apoptotic proteins, which can then interact with Bax to inhibit apoptosis. Phosphorylation sites of the human proapoptotic protein BAD are Ser 75, Ser 99 and Ser 118 ([@B4], [@B8], [@B9]). Our results showed that cAMP induces phosphorylation of BAD at Serines 99 and 118 that can decrease doxorubicin-induced apoptosis in NALM-6 cells ([Fig. 6](#F6){ref-type="fig"}). However, total expression of BAD protein was not affected in the presence of cAMP-increasing agents. Previous reports have shown different sites of BAD phosphorylation induced by cAMP pathway. Consistent with our result, Lizcano et al. showed that cAMP-dependent regulation of BAD is mediated via phosphorylation at Ser 118 in HEK-293 cells. They found that Ser 118 of protein BAD is phosphorylated preferentially by protein kinase A (PKA) in cells exposed to cAMP-elevating agents ([@B4]). Moreover, studies on myeloid leukemia cells exposed to cAMP-elevating agents also demonstrated PKA-induced phosphorylation of BAD at Ser118 site ([@B34], [@B35]).In conclusion, the present study indicated that elevated cAMP levels may abrogate doxorubicin-induced apoptosis in pre-B ALL cells through a new mechanism involving the induction of BAD phosphorylation. Our results also demonstrated that cAMP-increasing agents inhibit p53 accumulation during the DNA damage induced by doxorubicin. On the basis of these findings, cAMP can be considered as a survival factor in pre-B ALL cells exposed to doxorubicin. Therefore, inhibitors of cAMP signaling pathway might prove beneficial in treatment of pre-B ALL tumors, at least for patients with wild-type p53 cells undergoing curative antineoplastic therapy with DNA- damaging agents such as doxorubicin.
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